Abstract-A gas-liquid interface in microfluidic devices requires effective gas absorption and minimal leakage. Here, we present porous polydimethylsiloxane (PDMS) as a gas-liquid interface for microfluidic applications. Two different porous PDMS structures, cube and film, have been prepared and tested for carbon dioxide (CO 2 ) absorption ability in microfluidic devices. Porous PDMS showed higher CO 2 absorption rates compared with original PDMS thin films. We also demonstrated the utility of porous PDMS gas-liquid interface via artificial photosynthesis device. The experimental results indicated that the porous PDMS gas-liquid interface facilitates sufficient glucose synthesis by allowing effective CO 2 penetration.
through semi-permeable or porous materials is preferable in most applications [20] . Various material have been explored for this purpose including protein thin films [21] , hollow fibers or filters [22] , and polymer membranes such as polydimethylsiloxane (PDMS) [23] , [24] . PDMS is most commonly used because of its relatively high gas permeability and convenient manufacturability via replica molding. However, in order to achieve sufficient gas diffusion through PDMS, it has to be a thin membrane, which is not desirable in some applications due to the lack of structural rigidity.
Recently, new fabrication methods of generating porous PDMS or other polymers have been reported [25] , [26] . Here we present a novel method of creating a gas-liquid interface using porous PDMS and demonstrate its utility in an artificial photosynthesis system. Porous PDMS provides enough contact between gas and liquid media while effectively preventing water leakage due to its hydrophobic property [27] . Since the gas permeability of porous PDMS is higher than that of regular PDMS, thicker layers can be used for gas-liquid interface without sacrificing structural rigidity. We fabricated and tested two different porous PDMS structures: cubes and films. Sugar leaching method was used to create porous PDMS cubes and starch leaching method (from rice paper) was used to make porous PDMS films. To evaluate the porous PDMS structures as gas-liquid interface for microfluidic devices, carbon dioxide absorption was measured via pH detection. Furthermore, the utility of the porous PDMS gas-liquid interface was demonstrated via photosynthetic reactions in microchannels. The experimental results (glucose synthesis) indicated that the porous PDMS gas-liquid interface facilitates sufficient glucose synthesis by allowing effective CO 2 penetration.
II. MATERIALS AND FABRICATION

A. Fabrication of Porous PDMS Cubes and Films
We prepared two different kinds of porous PDMS structures: cubes and films. First, porous PDMS cubes were fabricated by sugar leaching technique where sugar cubes were used as sacrificial materials [1] , [20] , [25] , [26] . The sugar particles in sugar cubes are interconnected and consequently the PDMS counterparts would have interconnected micro-pores after the removal of sugar. PDMS pre-polymer (Sylgard®184 silicone elastomer, Dow Corning, Midland, MI) and curing agent (Sylgard®184 curing agent, Dow Corning, Midland, MI) were mixed at 10:1 weight ratio and degassed in vacuum. Sugar cubes (15×15×10 mm 3 ) were then placed in the mixture with a depth of 2 mm in a vacuum container for at least 1 hour allowing the sugar cubes fully filled with PDMS by capillary effect. The PDMS with sugar cube was then cured in an oven 1057-7157 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. at 60°C for 24 hours. Then the cube was washed in 50°C water to remove the sugar, followed by air dry. The surface of the porous PDMS cube was still hydrophobic as demonstrated by the contact angle of a water drop in Fig. 1a . Fig. 1b shows the optical microscope image of the cross-section of a porous PDMS cube. Pore size seems to be random and difficult to quantify. The porosity, the ratio of the empty space volume to the total volume of a sugar cube, was calculated by measuring the mass of a porous PDMS cube. We measured 20 porous PDMS sugar cubes and the average porosity was 69.8 ± 0.2% (the density of original PDMS is 0.965×10 3 kg/m 3 after curing). Inspired by the sugar leaching technique, we used a piece of porous rice paper as sacrificial material to fabricate porous PDMS films. Edible porous rice paper are commonly used for wrapping foods and candies. Although they have a highly porous structure, it turned out that the capillary rise of PDMS in rice paper was much slower than in sugar cubes. This may be because the pores are not as well interconnected as in sugar cubes. As a result, PDMS was cured while it was still climbing through the rice paper by capillary force. In order to overcome this issue, we conducted the capillary filling step in a freezer at −18°C. This way curing was prevented until capillary filling was completed in the rice paper (width: 2 cm; length: 6 cm). After 5 days, the PDMS-rice paper composite material was moved to an oven for curing at 60°C for 4 hours. Finally, the rice paper was dissolved in 10% α-amylase at 36°C, followed by rinsing the film in deionized water to fully remove the remaining α-amylase. Then the porous PDMS film was stored in a clean environment for air dry. 2 
B. Fabrication of PDMS Channels for CO
Diffusion Analysis and Photosynthetic Dark Reaction
The flow channels for evaluating gas-liquid interface consisted of three parts: a meander channel for fluid flow made of PDMS, a flat layer of PDMS with four through-holes (diameter = 1.5 mm) placed on top of the flow channel layer, and porous PDMS cubes placed on the through-holes. The fabrication procedure is demonstrated in Fig. 2 . The flow channel was made by PDMS replica molding using 3D printed molds. PDMS was selected as channel materials because it can be readily bonded to another PDMS layer including porous PDMS cubes/films it is also optically transparent to the light with a wavelength from 240 nm to 1100 nm, which is necessary for photosynthesis process. The mold for PDMS channel was made of a photopolymer (commercial name: Photosilver, EnvisionTEC, Dearborn, MI) using a 3D printer (EnvisionTEC®, model: Perfactory, Dearborn, MI). Since the detection of the products of artificial photosynthesis requires at least 200 μL of liquid sample, the PDMS channel was designed to have an internal volume of ∼600 μL. Zig-zag shape structures were added to the surface of fluidic channel to promote mixing, which would benefit the carbon fixation enzyme reactions, enhancing the chance of CO 2 and adenosine triphosphate (ATP) attraction by the enzyme ribulose-1, 5-bisphosphate carboxylase/oxygenase (RuBisCO). The PDMS flow channel had a width of 1.5 mm and a height of 0.8 mm. Four square patterns (3 mm × 3 mm) were added to the channel for alignment with porous PDMS cubes and for image processing.
Tridecafluoro-1, 1, 2, 2-tetrahydrooctyl-1-trichlorosilane (TFOCS, Fisher Scientific) was coated on the surface of the molds for easy release of PDMS. 0.3 mL of TFOCS was dropped on the surface of a petri-dish, with the mold placed next to the droplets. Then, the petri-dish was moved into a vacuum chamber for 30 min. The TFOCS fully evaporated and formed a Teflon-like surface on the photosilver mold. After the mold was prepared, standard PDMS replica molding was conducted to fabricate microchannels. PDMS pre-polymer and the curing agent were mixed at a weight ratio of 10:1. The mixture was then placed in a vacuum container for 30 min to remove all the air bubbles. The degassed PDMS mixture was poured onto the mold and placed in a 60°C oven for 24 hours for the solidification of PDMS.
A flat layer of PDMS (1.5 mm thick) was also prepared and through-holes were created by hole punch. This flat PDMS layer was then bonded to the channel layer after air plasma treatment (Femto Science, Model: CUTE, Serial number: FS15-031, Korea). The same method was attempted for bonding porous PDMS cubes to the channel but the bonding result was poor due to the rough surface of porous PDMS cubes. As an alternative, we used uncured PDMS as a glue. A mixture of PDMS pre-polymer and curing agent was put on a hot plate and the temperature was increased gradually to 55°C with constant stirring. The PDMS mixture would become like a gel with higher viscosity. The gel-like mixture was applied to the edge of porous PDMS cubes placed on the flat PDMS layer. Then, the whole device was moved to the oven at 65°C for 30 min for curing. For the device for testing porous PDMS film, the flat PDMS layer was not used. The porous PDMS film was directly attached to a PDMS microchannel via plasma treatment, followed by compressing in an oven at 65°for 24 hours. The area of interface exposed to porous cubes was around 9 mm 2 , while the film was attached to PDMS channel with a contact area around 64 mm 2 .
III. EXPERIMENTAL A. CO 2 Absorption Through Porous PDMS Cubes and Films
Bromothymol blue (BTB, Sigma-Aldrich, Allentown, PA) is a good CO 2 absorption indicator [27] . BTB solution was prepared by mixing 30 mL BTB solution into 10 mL deionized (DI) water, then around 0.8 mL sodium hydroxide (NaOH) (concentration 0.02 mmol/L) was added to adjust the pH to around 7.6. During the preparation procedure, all container used were small open vials to reduce direct contact with CO 2 in air. The pH value was measured using a pH meter (Orion 3 star, Thermo Scientific, Waltham, MA). In the neutral (pH = 7) solution, the color is dark green close to blue. Once it accepts protons, the color changes to yellow; and it turns to blue if lose protons. The color of BTB solution depends on the solution's pH value: pH < 6.0 (yellow); 6.0 < pH < 7.6 (color change from yellow to green to blue); and pH > 7.6 (blue). The microchannel inlet was connected to a syringe with BTB solution. The liquid's initial color was adjusted to blue by adding pH buffers, in order to reach the larger capacity of CO 2 absorption and the corresponding pH value change.
The experiment was conducted in a plastic container connected to a CO 2 gas cylinder with pressure controlling valve. The BTB solution inlet was connected to a 5 mL syringe placed on a syringe pump (Harvard Apparatus, Holliston, MA) (Fig. 3) . We observed the color change of BTB solution for static condition (no flow) and dynamic conditions (flow rates
The color images were imported into Matlab and isolated into red, green, and blue (RGB) color map. By comparing the data of gray map and RGB map (Gray = 0.299×R + 0.587×G + 0.114×B), the fluid's color was represented by relative intensity numbers from 0 to 255 for each pixel, where 0 is black, and 255 is white. The first step was changing the video into image frames. The ".mov" file was changed into ".avi" file, and then cut into 8 frames per second. Matlab could change each color image into gray map to roughly tell the difference when the pH color changed. We put two standard color bars (one for a broad range, pH of 4, 7, 10, and the other for a narrow range, pH of 6, 7, 7.6) next to the test channel for Matlab image comparison in order to minimize the error due to external light intensity change during experiments. The image color of the fluid channel was compared to the two sets of color bar real time to calculate the pH value (Supplementary information I) . This method did not require sample extraction from the fluid channel, especially during the dynamic flow experiment. The image frame of standard color bar showed an gray image number difference of 40/256 for the pH difference of 2. Therefore, the resolution of pH identification by this image processing method ( pH/pixel) is 0.05. The pH value can be related to the concentration of carbon-containing species by HendersonHasselbach equation [28] . The concentrations of CO 2 , H 2 CO 3 , HCO 
B. Photosynthetic Reactions Using Porous PDMS as Gas-Liquid Interface
We fabricated PDMS fluidic channel with porous PDMS cubes to mimic the natural photosynthesis including ATP synthesis (light reaction) and Calvin Cycle reactions (dark reaction). The natural photosynthesis achieves gas-liquid interface by stomata on leaf. Every stoma is formed by two guard cells, which can open and close by the need of leaf. Inspired by stomata, we tried to use porous PDMS cubes to realize the function of stomata in plant leaf. Fig. 4 . Experimental setup for glucose synthesis analysis. Glucose synthesis solution with carbon fixation enzymes was injected into the PDMS channel using a syringe pump. BR-ATPase triblock copolymer vesicles in the solution performed light reactions: BR absorbed green light energy, and ATPase generated ATP from ADP and Pi. For static condition, solution was kept still in PDMS channel under green light. For dynamic flow conditions, both inlet and outlet connected to syringe pump, and solution was pumped back and forth in the PDMS channel. Finally, sample solution was taken for glucose assay.
Similar to natural photosynthesis, photochemical regeneration of an intermediate reductant chemical, nicotinamide adenine dinucleotide hydrogen (NADH) cofactor, is involved in the light-dependent reaction zone, which is then coupled with the light-independent, enzymatic synthesis in the fluidic channel. A vesicle structure created a "two-chamber" system, where the photosynthetic proteins bacteriorhodopsin (BR) and F o F 1 ATP synthase (ATPase) is located on the poly (2-methyloxazoline) (PMOXA)-PDMS-PMOXA triblock copolymer vesicle surface. The BR can absorb sunlight energy and generate proton gradient, which can activate the F o F 1 ATPase to synthesize adenosine diphosphate (ADP) and orthophosphate (Pi) into ATP.
The PMOXA-PDMS-PMOXA triblock copolymer vesicles with BR and FoF1 ATPase (Fig. 4 ) can achieve light reactions in artificial photosynthesis. BR absorbs green light energy and pumps protons (H + ) to the inside of the vesicle. The generated pH gradient between the inside and outside of vesicles can activate the FoF1 ATPase to synthesize ATP from ADP and Pi. The generated ATP will be the major energy source for glucose synthesis reactions.
The fluidic channel with porous PDMS cubes was placed in a plastic container connected to CO 2 supply (Fig. 4) . The CO 2 was generated by sublimation of dry ice. In order to reduce the effect of the low temperature of dry ice on CO 2 absorption experiment, we used a 0.5 m long tube to provide the gas into the plastic container. The temperature in the container during experiment remained at room temperature (27°C). The light source was a 5 W green LED lamp with a wavelength around 570 nm, located at a distance of approximately 10 cm from the fluidic channel.
The vesicle buffers with carbon fixation enzymes (Supplementary information II) were mixed under green LED lamp for 15 min to initiate the glucose synthesis procedure. Then, the mixture was transferred into a 3 mL syringe. The solution was injected to the PDMS channel using a syringe pump.
We tried both static and dynamic flow conditions. In static condition, the inlet and outlet of the PDMS channel were sealed after the fluid was filled in the channel. The porous PDMS cubes were exposed to CO 2 environment. In dynamic condition, the fluid was pumped into the channel at a flow rate of 50 μL/min. After the fluid fully filled the PDMS channel and the outlet reservoir, the syringe pumping direction was reversed, so that the glucose synthesis solution was flowing back and forth in the PDMS channel. This procedure was repeated multiple times for 3 hours then the solution was extracted and mixed with glucose assay solution (GAGO20, Sigma Aldrich, catalog number GAGO20-1KT) for 30 min at 37°C, followed by centrifuging at 5000 rpm for 10 min. Filtering was necessary to remove solid residuals produced during the reaction of the photosynthesis solution with glucose assay kit solution. After syringe filtration with a 2.0 μm membrane filter, the extracted solution would not contain the vesicles.
Glucose was oxidized to gluconic acid and hydrogen peroxide (H 2 O 2 ) by glucose oxidase. The detection of glucose concentration was accomplished by measuring the amount of H 2 O 2 . H 2 O 2 reacted with o-dianisidine by the catalysis of peroxidase to produce oxidized o-dianisidine with brown color. Then, 2.0 mL of diluted 6 mol/L sulfuric acid (H 2 SO 4 ) solution was added to the extracted solution in test tube to generate pink color oxidized o-dianisidine. The density of the pink color at luminance of 540 nm was proportional to the glucose concentration [29] . 200 μL of the solution was carefully dropped in 96-well plate for optical density (OD) reading right after the pink color generated. We used the microplate reader (Synergy Mx, BioTek Instruments Inc., Winooski, VT) to collect OD 540 value and compared to standard glucose vs. OD 540 value calibration curve (Fig. 5) to find out the original glucose concentration (Supplementary information II) .
IV. RESULTS AND DISCUSSION
A. CO 2 Absorption Through Porous PDMS Cubes and Films
Fig . 6 shows the CO 2 absorption results for channels with PDMS cubes as a gas-liquid interface. Under static condition (no flow), the pH value and carbon concentration became saturated after about 60 min (Fig. 6a) . The saturated carbon concentration was 8.08×10 −6 mol/L (the log carbon concentration average after saturation was −5.10). Since the volume of microfluidic channel was ∼600 μL, the average CO 2 absorption rate was around 1.30 μmol/(L· min).
In dynamic flow condition, the carbon concentration reached a steady-state much faster (only about 1 min) and the value was lower than static condition. Fig. 6b demonstrates the steady-state pH value and carbon concentration as a function of flow rate. For example, under a flow rate of 160 μ L/min, the carbon concentration became stable after about 1 min and the value was 1.81×10 −6 mol/L (the log carbon concentration average after stable status was −6.74). The average CO 2 absorption rate was around 1.81 μmol/(L· min). When the flow rate was reduced to 80 μ L/min, the carbon concentration became stable after about 1.5 min and the value was 2.37×10 −6 mol/L (the log carbon concentration average after stable status was −6.63). The average CO 2 absorption rate was around 1.60 μmol/(L· min), which was slightly higher than that of static case. This is because CO 2 , HCO − 3 , and H 3 O + concentrations remained low in dynamic conditions due to the constantly replenished water flow. Fig. 7 shows the CO 2 absorption results for channels with PDMS films as a gas-liquid interface. Experiments were conducted only under static conditions in this case. The fluid color changed from green to yellow after 12 min. The CO 2 absorbed in the channel with porous PDMS film reached 1.18×10 −5 mol/L in 12 min, so the average CO 2 absorption rate was 9.83 μmol/(L· min). While porous PDMS film can provide faster CO 2 absorption than porous PDMS cubes, fluid leakage was observed during the experiment. It must be noted that all CO 2 absorption experiments were repeated multiple times (4 times for PDMS cubes and 3 times for PDMS films). The results were very consistent and stable.
People have used PDMS thin films as a gas-liquid interface [19] , [23] , [30] . For example, PDMS thin films with 225 μm and 127 μm in thickness showed CO 2 penetration rates of 0.045 μmol/(L· min) [30] and 0.056 μmol/(L· min), respectively. [19] . The thicker PDMS film resulted in a lower gas permeability. Our porous PDMS cubes and films showed higher CO 2 penetration rates compared to regular PDMS films. In addition, structural rigidity does not have to be compromised to achieve high CO 2 absorption.
B. Photosynthetic Dark Reaction Using Porous PDMS as Gas-Liquid Interface
We used the average value of two sets of OD reading results. Before we added the solution into PDMS channel, the initial stirring under 5W green LED light can also absorb some of the CO 2 from air but the amount of glucose created by CO 2 from air was minimal. The glucose generated during initial stirring was measured as "Initial" in Table 1 . The OD 540 value in standard glucose concentration is the average OD 540 value ("after 4 hours" data for static flow, and "after 3 hours" data for dynamic flow, samples as shown in Fig. 8 ) minus the pure H 2 O OD 540 value in Table 1 . Comparing the OD 540 value to the standard fitting line in Fig. 5 , the glucose concentration in static flow after 4 hours was 3.53±0.06 μg/mL; and the glucose concentration in dynamic flow was 5.56±0.17 μg/mL.
The CO 2 absorbed in static condition in 4 hours was around 312 μmol/L. The synthesized glucose was 19.6 μmol/L, so the CO 2 conversion rate of carbon-fixation enzyme RuBisCO was ∼37.7%. On the other hand, the CO 2 absorbed in dynamic condition in 3 hours was around 270 μmol/L. The synthesized glucose was 30.88 μmol/L, so the CO 2 conversion rate of carbon-fixation enzyme RuBisCO was ∼68.6%. The dynamic fluid had higher carbon fixation rate because the zig-zag shape structure in the fluid channel facilitated the mixing of dynamic fluid. More agitation of the reaction solution can enhance the RuBisCO's chance to interact with CO 2 and ATP.
V. CONCLUSIONS
In this paper, we presented a novel method of using porous PDMS as a gas-liquid interface for microfluidic devices. Two different porous PDMS structures, cube and film, have been fabricated by sugar leaching and rice paper leaching techniques, respectively. The porous PDMS structures were then integrated with microfluidic channels for CO 2 absorption study. Porous PDMS cubes showed a high CO 2 absorption rate of 1.81 μmol/(L· min) and little water leakage. We also demonstrated the utility of porous PDMS gas-liquid interface via artificial photosynthesis device. The experimental results indicated that the porous PDMS gas-liquid interface facilitates sufficient glucose synthesis by allowing effective CO 2 penetration. We believe that porous PDMS gas-liquid interface can find many applications in microfluidics and lab-on-achip applications such as organ-on-a-chip systems, cell-based sensors, and artificial photosynthesis system.
